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ABSTRACT. This year marks the 20th anniversary of the effective begin- 
ning of large, systematic redshift surveys of galaxies. These surveys have had 
a major impact on observational cosmology and on our current understand- 
ing of large-scale structures in the Universe. To celebrate this remarkable 
period some landmark observational results are reviewed and our current un- 
derstanding of LSS is summarized. Although enormous progress has been 
achieved in mapping the galaxy distribution to moderate redshifts, many of 
the questions posed over a quarter of century ago have not yet been convinc- 
ingly answered and must await the completion of new large solid angle surveys 
such as 2dF and SDSS. On the other hand, unexpected advances have been 
made at very high redshifts. After years of searching, well-defined samples 
of extremely distant galaxies are now available, redshifts are being routinely 
measured and large programs are planned for the 8-m class telescopes. These 
ongoing or planned surveys of the nearby and distant Universes promise to 
provide, within a few years, an extraordinary view of the evolution of galax- 
ies and structures from lookback times approaching ~90% of the age of the 
Universe to the present epoch. 



1 Introduction 

Redshift surveys of galaxies have 
been for the past two decades one 
of the most useful tools available for 
cosmological studies. Since the pio- 
neering work of Gregory and Thomp- 
son (1978) and Sandage (1978), 
among others, progress has been 
enormous, with the pace being dic- 
tated primarily by advances in tech- 
nology. Arguably one of the most 
significant early milestones in the 
field was the start of the Center 
for Astrophysics Redshift Survey in 
1978, one of the first surveys to re- 
place photographic plates by signifi- 
cantly more efficient detectors, mak- 
ing large scale surveys possible. Simi- 
lar systems soon became available at 
several observatories and the num- 
ber of surveys, using different sam- 
ples and observing strategies, flour- 
ished in the 80s. New developments 
in the 90s further increased the data 
gathering power of surveys making 
possible to probe much larger vol- 
umes. Combined these surveys have 
provided a wealth of information re- 
garding the properties of galaxies, 
systems of galaxies and the nature of 
large-scale structure (LSS) as traced 
by galaxies. 

Despite the enormous effort a 
number of outstanding cosmological 



questions remain unanswered point- 
ing out the need for even larger 
surveys. Projects like the Anglo- 
Australian 2dF and the Sloan Digital 
Sky Survey (SDSS) represent the be- 
ginning of a new era in the field and 
promise to provide clear answers to 
these questions. Another milestone 
are the ongoing (Steidel, this pro- 
ceeding) and the planned redshift 
surveys of the high-z Universe on 
Keck and VLT which will provide 
a better understanding of the na- 
ture of distant galaxies, their cluster- 
ing properties and insight into early 
galaxy and structure evolution. 

Over the years the goal of most 
galaxy redshift surveys have re- 
mained essentially the same, namely 
to obtain redshifts for complete sam- 
ples over a sufficiently large volume 
to: 1) study the nature of large scale 
structure; 2) measure the cosmolog- 
ical density parameter fi from dy- 
namical measurements on small and 
large scales; 3) compare observed 
galaxy distribution to predictions 
based on N— body simulations in an 
attempt to discriminate among com- 
peting theoretical models; 4) com- 
pare the galaxy distribution to the 
mass distribution as recovered, for 
instance, from the peculiar velocity 
field of galaxies; and 5) study galaxy 
biasing on small and large scales. 
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Even though galaxy rcdshift surveys 
alone provide only limited informa- 
tion about the underlying mass fluc- 
tuations, they will continue to be 
essential for probing galaxy biasing 
and evolution models, complement- 
ing the information from probes of 
the mass distribution such as cos- 
mic flows, gravitational lensing and 
cosmic microwave background radia- 
tion. 

The literature on large-scale struc- 
ture has grown tremendously and a 
comprehensive review on the subject 
would be well beyond the scope of 
this presentation and can be found 
elsewhere (e.g., Giovanelli & Haynes 
1991, Strauss & Willick 1995). In- 
stead, the aim of this review is to 
illustrate how our picture of the Uni- 
verse has evolved over the past two 
decades with the completion of var- 
ious surveys targeting different red- 
shift intervals. Also reviewed are the 
results of quantitative analyses car- 
ried out with redshift data to de- 
scribe galaxy clustering as well as the 
properties of the galaxy population 
as a whole. 



2 Background 

In this section, a brief review is 
presented of the redshift surveys that 
have shaped our current understand- 
ing of the three-dimensional distribu- 
tion of galaxies. Over the years the 
picture has evolved dramatically as 
data flowed in. The number of galax- 
ies with redshift measurements has 
grown by roughly a factor 100 from 
the mere <;2000 available in 1978. 
This number is expected to grow 
even faster now as new data from 
surveys such as 2dF and SDSS and 
other large surveys at high-rcdshift 
become available. 

2.1 Low-z 

Three-dimensional rcdshift sur- 
veys, which densely sample the lo- 
cal galaxy distribution, arc essen- 
tial to characterize the properties 
of galaxies and the nature of the 
large-scale structures at the present 
epoch. Dense sampling is critical for 
studying the morphology of large 
scale structures, while the number 
of galaxies and surveyed volume 
are necessary for detailed statisti- 



cal analyses. It is important to em- 
phasize that the nearby Universe 
is in some respects unique. For in- 
stance, only nearby can one expect 
to use the peculiar velocity field of 
galaxies to map the mass distribu- 
tion in the framework of the gravita- 
tional instability paradigm. Compar- 
ison between the galaxy and the re- 
constructed mass distributions pro- 
vides a valuable probe of the relation 
between galaxies and the underlying 
dark matter, at least on large scales 
(Dekel 1994, da Costa et al. 1996). 
Furthermore, linear theory gives a 
relation between galaxy density and 
peculiar velocity, which can be used 
to derive a velocity field from all-sky 
rcdshift surveys. The derived veloc- 
ity field can be compared to that ob- 
served to measure /3 = Cl 06 /b, where 
Q is the cosmological density param- 
eter and b is the linear biasing factor 
(e.g., Davis, Nusser & Willick 1996, 
da Costa et al. 1998). 

Until the mid-70s all the infor- 
mation available to cosmologists was 
the projected galaxy distribution. 
Although it was apparent that the 
distribution was far from homoge- 
neous nothing was known about the 
reality of the observed structures 
in three-dimensions. The pioneering 
pencil-beam surveys of nearby clus- 
ters and surroundings (e.g., Gregory 
& Thompson 1978) provided the 
first hint that the galaxy distribu- 
tion was irregular, motivating wider- 
angle surveys. Such an attempt was 
first carried out by Sandagc (1978). 
However, the sample, which had 
a median radial velocity of 1500 
km s — 1 , was too shallow to probe the 
nature of the large-scale structures. 
The CfA Redshift Survey (Davis et 
al. 1982) was the first wide-angle sur- 
vey to reach beyond the Local Super- 
cluster. It provided strong evidence 
that the galaxy distribution was far 
from homogeneous, showing instead 
a complex topology made up of large 
empty regions and filaments. How- 
ever, the structures were poorly de- 
fined because of the sparseness of the 
sample. The picture that emerged 
was considerably different from that 
envisioned just a few years earlier, 
in which clusters were believed to 
be rare, isolated regions of high den- 
sity in an otherwise uniform back- 
ground. In parallel, the KOSS sur- 
vey (Kirshncr et al. 1981), using a 
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series of pencil-beam surveys, iden- 
tified a large empty region with an 
estimated size of 6000km s — 1 . Press- 
ing the observations to fainter mag- 
nitudes, the survey of a thin 6° 
wide slice was completed (de Lap- 
parent, Geller & Huchra 1986) show- 
ing that these empty regions were 
bound by remarkably sharp and co- 
herent structures with scales compa- 
rable to the linear size of the survey 
(~ 100/i — 1 Mpc). However, the slice- 
like geometry of the survey did not 
allow one to differentiate between 
two-dimensional structures or one- 
dimensional filaments. Further evi- 
dence of large coherent structures 
came from the HI Arecibo Survey 
of the Perseus- Pisces region (e.g., 
Giovanelli & Haynes 1991). More 
convincing proof that these coher- 
ent structures were not filaments but 
two-dimensional sheets came from 
the Southern Sky Redshift Survey 
(SSRS, da Costa et al. 1988). The 
SSRS was designed to extend the 
CfA survey to the southern hemi- 
sphere in order to: 1) obtain a un- 
obstructed view of the LSS by avoid- 
ing the Virgo cluster; 2) to produce 
the first all-sky sample to moderate 
depth; 3) to test the reproducibility 
of different statistics employed in the 
analysis of the CfA data. By con- 
struction the southern sample was 
required to have the same surface 
density as in the north. Since there 
were no prominent nearby clusters 
this requirement led to a slightly 
deeper survey which allowed for the 
detection of the Southern Wall, a co- 
herent, thin structure seen over the 
entire declination range probed by 
the SSRS. 

The need for better sampling of 
the structures motivated the exten- 
sion of the CfA and SSRS sur- 
veys to fainter magnitude limits. 
The CfA2 Redshift Survey (Geller 
& Huchra 1989) soon produced the 
striking map of the full extent of 
the structure seen in their ear- 
lier slice-survey — the Great Wall 
- a spectacular example of a thin 
two-dimensional structure contain- 
ing several rich clusters. Following 
suit, the SSRS2 (da Costa et al. 
1994a) confirmed that the Great 
Wall was not a rare event, even 
though unique is some aspects, but 
that large voids and walls are in fact 
common features of the galaxy dis- 



tribution. 

Combined, CfA2 and SSRS2 now 
cover over 30% of the sky to the 
same depth. The sample consists of 
over 20,000 galaxies, a remarkable 
progress relative to the first genera- 
tion of wide-angle surveys. Together, 
the CfA2 and SSRS2 surveys pro- 
vide a unique and, so far, unmatched 
database which combines dense sam- 
pling with an almost complete three- 
dimensional view of the present-day 
galaxy distribution. They extend out 
to a moderate depth (cz ^15,000 
km s -1 ), which allows one to probe 
a linear scale of the order of 300 h~ 1 
Mpc. 

Figure [l] shows a cross-section 
of the local galaxy distribution ob- 
tained by combining the CfA2 and 
SSRS2. From the rcdshift maps alone 
one finds that large coherent struc- 
tures appear to be a common fea- 
ture of the galaxy distribution. Walls 
and voids, 5000 km s — 1 in diameter, 
are seen in every region large enough 
to contain them. The qualitative pic- 
ture that emerges is one in which 
the galaxy distribution consists of a 
volume-filling network of voids. 

Unfortunately, the scope of opti- 
cal surveys is limited to relative high 
galactic latitudes because of the zone 
of avoidance. Therefore, to extend 
the sky coverage one must resort to 
infrared-selected samples. Examples 
of redshift surveys based on IRAS 
galaxies include the 1.2 Jy IRAS 
Survey (Fisher et al. 1995), QDOT 
{e.g., Kaiser et al. 1991) and more re- 
cently PSCz (Saunders et al. 1998). 
Although considerably more sparse 
than their optical counterparts, the 
main advantage of IRAS galaxy red- 
shift surveys is the uniform and un- 
matched all-sky coverage. Full sky- 
coverage greatly simplifies statisti- 
cal analyses (e.g., power-spectrum 
analysis, counts-in-cells), bypassing 
some of the problems associated with 
edge effects and survey geometry. 
Equally important is the uniformity 
of the parent sample, which elimi- 
nates some of the uncertainties that 
have plagued the nearby optical sur- 
veys. But, above all, the main con- 
tribution of redshift surveys of IRAS 
galaxies is the fact that only from 
them can one compute a reliable pe- 
culiar velocity field as predicted from 
the galaxy density field, a key ele- 
ment in understanding the dynamics 
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Figure 1. Redshift versus right ascension diagram for galaxies brighter ms < 
15.5 and within a 10° wedge taken from the combined CfA2-SSRS2 sample. 



of the local Universe. 

Because of the unexpected large 
size of the structures observed 
nearby, it became essential to ex- 
tend the surveys to greater depths. 
To achieve this goal in a reason- 
able amount of time, the Stromlo- 
APM survey (Loveday et al. 1992) 
used a sparse-sampling technique ad- 
vocated by Kaiser (1986), ideal for 
low order statistics, measuring red- 
shifts for about 1800 galaxies ran- 
domly drawn at a rate of 1 in 20 from 
a complete magnitude-limited cata- 
log selected from the APM Galaxy 
Survey (Maddox et al. 1990a). The 
survey probes a depth of ~ 200/t -1 
Mpc, sampling a volume about five 
times that of the CfA2-SSRS2, at 
the expense of small-scale informa- 
tion. The data were used to mea- 
sure the luminosity function of galax- 
ies and their clustering properties on 
large scale, with the large volume al- 
lowing for the sampling a large num- 
ber of different structures. Analysis 
of the radial density variation also 
showed no evidence of a large local 
void, one of the proposed explana- 
tions for the strong variation of the 
APM galaxy number counts at the 
bright end (Maddox et al. 1990b). 

All the previous surveys were car- 
ried out observing a galaxy at a time. 
A major progress in redshift sur- 
veys came about with the multiplex- 
ing capability of multi-object spec- 
trographs. An outstanding example 
of the benefits of the combination 



of fibcr-fed spectrographs and wide- 
field telescopes is the recently com- 
pleted Las Campanas Redshift Sur- 
vey (LCRS, Schcctman et al. 1996) 
carried out on the 2.5m du Pont tele- 
scope at Las Campanas. The LCRS 
contains redshifts for over 25,000 R- 
selected galaxies covering 0.2 steradi- 
ans in six strips, each 1.5° X 80°, in 
the south and north Galactic caps. 
The median redshift of the survey is 
z ~ 0.1. Although probing a much 
larger volume, about five times larger 
than the combined CfA2-SSRS2 sur- 
vey, inspection of the redshift maps 
supports the picture that the galaxy 
distribution consists of a closely- 
packed network of voids ~ 5000 
km s — 1 in diameter bounded by thin, 
large walls, with no strong evidence 
of inhomogencitics on larger scales. 

More recently, other surveys to 
comparable depth to the LCRS, but 
adopting different selection criteria 
and observing strategies, have been 
completed: the Century Survey (CS, 
Geller et al. 1997) with about 1800 
galaxies covering 0.03 steradians and 
the ESO Project Slice (EPS, Vct- 
tolani et al. 1997) with about 3,300 
galaxies covering 0.008 steradians. 
Again the large-scale features are 
qualitatively similar to those seen in 
earlier surveys. However, both sur- 
veys claim to find evidence of in- 
homogencitics, such as the Corona 
Borcalis superclustcr, on a scale of 
~100?i- 1 Mpc. 

Further progress in this range of 
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rcdshifts will have to await the com- 
pletion of 2dF and SDSS which will 
measure of the order of a million red- 
shifts, providing a complete and un- 
precedented wide-angle coverage of 
the galaxy distribution to a depth of 
about 300/i~ 1 Mpc. The impact that 
these surveys will have can already 
be appreciated from the preliminary 
results of the 2dF survey (Maddox, 
this proceedings). 

2.2 Intermediate-z 

Hints for power on very large 
scales were first detected by the 
deep BEKS (Broadhurst et al. 1988) 
pencil-beam survey extending to 2 ~ 
0.5 in the direction of the Galactic 
poles. The survey used a collection 
of narrow probes to map the galaxy 
distribution over a linear scale of 
about 2,000/i- 1 Mpc. The observed 
distribution shows a remarkable reg- 
ularity exhibiting an alternation of 
peaks and voids with a typical scale 
of 128/i Mpc. However, follow-up 
observations in other directions not 
only do not confirm this regularity 
but detect power on smaller scales 
(■~60fc _1 Mpc), in agreement with 
the results from nearby surveys. In 
order to verify these claims of large 
scale power, the ESO-Sculptor red- 
shift survey (ESS, Bellanger & de 
Lapparcnt 1995) was designed to 
have a transverse dimension larger 
than the galaxy correlation length 
at the median rcdshift of the sur- 
vey (z ~ 0.3) to assure that the 
detected structures are not artifacts 
caused by small-scale clustering, one 
of the main criticisms to the origi- 
nal interpretation of BEKS results. 
The ESS provided the first detailed 
map of the galaxy distribution in 
the redshift interval 0.1 < z < 
0.5, which confirmed the existence 
of voids bounded by thin structures 
over the entire redshift interval. More 
importantly, the ESS confirmed that 
the voids have a typical size of 
~ 60/i _1 Mpc, finding no evidence 
for periodic structures on scales ~ 
130/1" 1 Mpc. 

Other deep surveys, extending to 
even larger redshifts (z ^1), have 
also been completed but have fo- 
cused primarily on the direct study 
of the evolution of the luminosity 
function, star formation and cluster- 
ing. Among them are: 1) the Autofib 



Redshift Survey (Ellis et al. 1996) 
which combines several pencil-beam 
surveys of magnitude-limited sam- 
ples (1700 galaxies) spanning a wide 
range in apparent magnitude down 
to bj =24, and reaching z ~ 0.75; 
2) the Canada-France Rcdshift Sur- 
vey (CFRS, Lilly et al. 1995) con- 
taining some 600 galaxies brighter 
than 7^^=22.5, with a median red- 
shift of z ~ 0.56, and covering an 
effective solid angle of 112 arcmin 2 . 
These data have provided one of the 
first secure evidence of a physical as- 
sociation of galaxies at z ~ 1 (Le 
Fevre et al. 1994); 3) The CNOC2 
survey (Carlberg et al. 1998) which 
presently contains about 5,000 galax- 
ies with R < 21.5 to z ~ 0.6, over a 
total area of 1.5 square degrees. 

Like in the past, these first re- 
sults have motivated different groups 
to plan ambitious surveys using 8- 
10m class telescopes such as Keck 
(DEEP) and VLT (VIMOS) to ob- 
serve large samples of galaxies (~ 
10 5 ), probing scales of ~ 100/i -1 
Mpc at z ~ 1 (e.g., Le Fevre et al. 
1996a). Completion of these surveys 
will allow one to put together a co- 
herent and self-consistent picture of 
galaxy and clustering evolution from 
2 ~ 1 to the present. 

2.3 HlGH-Z: THE NEW FRONTIER 

Perhaps one of the most excit- 
ing developments in recent years has 
been the discovery of a population 
of luminous, star-forming galaxies at 
2 ~ 3, using a color criteria sensi- 
tive to the presence of the Lyman 
continuum break (Steidel & Hamil- 
ton 1993). Currently, the spatial 
distribution of these Lyman break 
(U-dropout) objects is being inves- 
tigated and spectroscopic redshifts 
have been obtained for about 500 
galaxies (Steidel, this proceedings). 
Preliminary results have led to the 
discovery of a large structure at z ~ 
3.1, which could indicate that well 
developed, large-scale structures ex- 
ist at even these high redshifts (Stei- 
del et al. 1998). 

Another important development is 
the construction of ncar-IR spectro- 
graphs (e.g., NIRMOS-VLT) to mea- 
sure galaxy redshifts in the interval 
1 < 2 < 3, where most of the spec- 
tral features lie outside the optical 
window. This will allow to bridge the 
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gap that currently exists between the 
low-z (z <^1) and high-z (z ;>3) do- 
mains. 



3 Quantitative Results: High- 
lights 

Considerable progress has also 
been made in measuring the prop- 
erties of LSS and galaxies using the 
data available from the redshift sur- 
veys described above. In general, 
the results from different surveys are 
consistent, even though some dis- 
crepancies still persist and some ba- 
sic questions remain unanswered. In 
this section, our current understand- 
ing is reviewed by highlighting some 
of the main quantitative results. 

3.1 Luminosity Function 

Perhaps one of the most basic 
statistic that can be measured from 
redshift surveys is the luminosity 
function (LF). It not only provides 
information about the galaxy popu- 
lation but it is a key ingredient in the 
analysis of magnitude-limited sam- 
ples. The importance of determin- 
ing the local LF is that its overall 
normalization and faint-end slope di- 
rectly impact the interpretation of 
the excess observed in the faint num- 
ber counts and the amount of evolu- 
tion required to explain them. Fur- 
thermore, the local LF has been used 
to calibrate or to verify the consis- 
tency of semi-analytical galaxy evo- 
lution models, which have become 
a powerful tool for detailed com- 
parisons between data and theory 
(e.g., Kauffmann, White & Guider- 
doni 1993, Lacey et al. 1993). How- 
ever, despite the innumerous esti- 
mates of the local LF, there still is 
considerable debate over its shape 
and normalization. The nature of the 
problem is reviewed below using re- 
sults from the most recent surveys. 

The local LF has been inde- 
pendently computed for the CfA2 
(Marzke et al. 1994a) and SSRS2 
(da Costa et al. 1994a, Marzke et al. 
1998) north and south sub-samples, 
which altogether probe four differ- 
ent regions of the sky. Comparison 
of these LFs shows that the shapes 
are in relative good agreement, espe- 
cially at the faint-end. However, the 
derived normalization of the CfA2 



north LF is significantly higher than 
the rest, suggesting a mean galaxy 
density a factor of two larger in that 
region. By contrast, the LF mea- 
sured for the SSRS2 south and north 
are essentially identical, presenting 
very similar shapes and normaliza- 
tions, even though they probe dis- 
tinct volumes and largely indepen- 
dent structures. Their normalization 
is also consistent with that derived 
for CfA2 south. There are two pos- 
sible interpretations for the observed 
discrepancy: 1) there are significant 
fluctuations of the galaxy distribu- 
tion on scales of ~ 100/i -1 Mpc; 
2) there are systematic errors in the 
magnitude-scale, in particular those 
given in the Zwicky catalog from 
which the CfA2 sample is drawn. 

The same disagreement is seen 
when comparing the LF of more 
distant samples (Ellis et al. 1996, 
Lin et al. 1996a, Zucca et al. 1997, 
Geller et al. 1997). In general, the 
derived luminosity functions fall into 
two broad categories - those with 
high (Autofib, CfA2, CS, ESP) and 
low normalizations (SSRS2, Stromlo- 
APM, LCRS). Again, with the ex- 
ception of the CfA2 (at the bright 
end) and LCRS (at the faint end) the 
shapes are, by and large, very simi- 
lar. These results are puzzling since 
there is no clear correlation between 
the samples used and the direction in 
space or the way the parent catalogs 
for these samples were created. Pos- 
sible explanations for the conflict- 
ing results include: the existence of 
a large underdense region in the lo- 
cal Universe, an underestimate of a 
population of low luminosity galax- 
ies nearby or a rapid evolution of the 
blue luminosity function at low red- 
shifts (z ~ 0.1). 

The local LF has also been ex- 
amined as a function of morphology 
(Figure ^) and color using the CfA2 
(morphology) and SSRS2 (morphol- 
ogy and color) samples. Analyzes of 
these samples show that even locally 
one observes an excess of blue galax- 
ies at faint magnitudes. It is esti- 
mated that the faint-end slope of 
blue galaxies is a ^ -1.3 (Marzke 
& da Costa 1997). In addition, us- 
ing the complete morphological in- 
formation available for the SSRS2, 
one finds that early and late-type 
galaxies have very similar, flat LFs 
(Marzke et al. 1998), while the ir- 
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Figure 2. A comparison of recent measurements of the local LF divided by 
morphological type. Solid lines and open squares represent the SSRS2; dashed 
lines represent the CfA Survey and dotted lines represent the Stromlo-APM 
(for details see Marzke et al. 1998). 



regular/peculiar galaxy LF is very- 
steep (a ~ —1.81). These results are 
in good agreement with earlier find- 
ings based on the CfA data (Marzke 
et al. 1994b) but in clear disagree- 
ment with the results of Loveday et 
al. (1995), probably because of inad- 
equacies in the identification of el- 
lipticals at faint magnitudes. Simi- 
lar studies are currently underway at 
moderate rcdshifts. 

A clear resolution of some of the 
problems mentioned above will have 
to await the completion of SDSS 
which will provide a homogeneous, 
multi-color photometric data set of 
the northern sky with complete red- 
shift information. 

Recent surveys such as Autofib 
and CFRS, and now CNOC2. with 
an extended redshift baseline, have 
provided for the first time, the means 
to directly study the evolution of 
the luminosity function. The CFRS 
sample has been subdivided into 
several redshift bins and into two 
colors. Analysis of these subsam- 
ples shows that the redder galaxies 
exhibit remarkably little evolution, 
while strong evolution is observed for 
the bluer galaxies. It is important to 



note that this evolution is indepen- 
dent of the normalization of the "lo- 
cal" LF since it is determined from 
the sample itself. Strong evolution of 
blue galaxies has also been observed 
in the B-selected sample of Autofib. 

3.2 Galaxy Power-Spectrum 
The 

powcr-spectrum (PS) of galaxies in 
rcdshift space has been computed for 
a number of optical (e.g., Park, Gott 
& da Costa 1992, Park et al. 1994, 
da Costa et al. 1994b, Lin et al. 
1996b) and infrared surveys (Fisher 
et al. 1993). The redshift-space PS 
estimates roughly follow a power-law 
P(k) oc k n with a slope ranging from 
n ~ —2 on small scales (A <^30/i -1 
Mpc) to n ~ —1.1 on intermediate 
scales (30/i _1 < A <120/i _1 Mpc). 
For nearby samples, such as the com- 
bined CfA2-SSRS2, one finds that 
the PS continues to rise on scales 
up to ~ 200/1- 1 Mpc. This result 
has been confirmed by similar anal- 
ysis of other optical and infrared- 
selected samples, all showing essen- 
tially the same shape, while differ- 
ences in the amplitude can be as- 
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cribed to the relative bias between 
optically and infrared-selected galax- 
ies or between galaxies of different lu- 
minosities. These earlier results have 
been confirmed by the PS computed 
from the LCRS which shows good 
agreement with previous calculations 
on scales ^100 h" 1 Mpc. On larger 
scales, the LCRS PS shows a change 
in slope and strongly suggests that it 
has detected the turnover. A good fit 
for the observed PS in redshift space, 
satisfying the constraints implied by 
COBE, can be obtained with a open 
or flat nonzero cosmological constant 
CDM model with a shape parameter 
r = f2/i=0.2 with no bias. However, 
several other models are equally vi- 
able (da Costa et al. 1994b, Lin et al. 
1996b). 

3.3 Correlation Function 

The two-point correlation func- 
tion, formally equivalent to the PS, 
has been the most widely used statis- 
tics to quantify galaxy clustering. 
Analyzes of magnitude-limited sam- 
ples have led to consistent results be- 
tween nearby surveys (e.g., SSRS2) 
and those probing volumes more 
than five times larger and adopting 
different survey geometry and sam- 
pling strategies (e.g., Stromlo-APM, 
LCRS). A summary of these results 
is shown in Figure H, where the red- 
shift correlation length s and the 
slope 7 of the best-fit power law de- 
rived from different samples are com- 
pared (e.g., Willmer, da Costa & Pel- 
legrini 1998, and references therein). 
As can be seen there is a remark- 
able agreement among the optical 
surveys, except for the CfA2 where 
peculiar motions near the Great Wall 
are important. In particular, note 
that the good agreement between 
the values found for a wide range of 
volumes is in marked contrast with 
what would be expected if the galaxy 
distribution were a fractal. In some 
cases the relatively small differences 
between redshift and real space cor- 
relations on intermediate scales (~ 
10h~ 1 Mpc) immediately suggest, as 
in the case of the SSRS2, a low value 
of P = n°- 6 /b < 1 (e.g., Willmer, da 
Costa & Pellegrini 1998). 

While galaxy clustering at the 
present-epoch seems to be well quan- 
tified, at least for low-order statis- 
tics, work is now concentrated in 



measuring its evolution and inter- 
preting the results within the hier- 
archical clustering framework. Until 
recently such studies were hindered 
by large uncertainties as they had to 
rely on the observed two-point angu- 
lar correlation function and models 
for the clustering evolution and red- 
shift distribution. However, the avail- 
ability of an increasing number of 
samples (CFRS, CNOC2) spanning 
a large redshift baseline, will soon 
provide the means to directly mea- 
sure the evolution of the correlation 
function and disentangle the effects 
of cosmology and galaxy evolution 
(e.g., Kauffmann et al. 1998). Pre- 
liminary results from CFRS indicate 
a strong evolution of the clustering 
amplitude with redshift up to z ~ 
0.6 (Le Fevre et al. 1996b). This is 
at variance with more recent results 
of Carlberg et al. (1998) based on 
the CNOC2 data, who find a much 
weaker evolution. Results from very 
high redshift surveys are also becom- 
ing available (Steidel, this proceed- 
ings) and the time evolution of clus- 
tering as a function of galaxy prop- 
erties is within reach. 

3.4 Higher-order Statistics 

Given the complexity of the ob- 
served large-scale structure, a com- 
plete statistical description of the 
galaxy distribution requires the use 
of high-order statistics. To investi- 
gate high-order correlations, counts- 
in-cells have been used to compute 
the count probability distribution 
function P(N, V), from which the 
Void Probability Function (VPF), 
P(0, V), and the normalized skew- 
ness S3 and kurtosis S4 have been 
derived. These statistics have been 
used to test the hierarchical rela- 
tions and to compare data to sim- 
ulations using optical and infrared- 
selected samples with complete red- 
shift information (Vogeley et al. 
1991, Lachieze-Rey, da Costa & 
Maurogordato 1992, Bouchet et al. 
1993, Benoist et al. 1998). From the 
moments of the counts distribution 
and from the scaling of the VPF 
one finds that the galaxy distribu- 
tion satisfies the scaling relations 
predicted by second-order perturba- 
tion theory well into the non-linear 
regime. However, high-order statis- 
tics, such as VPF, have not proven 
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Figure 3. Comparison of the correlation length and slope of the two-point cor- 
relation function in redshift space computed for different optical and IR sam- 
ples. The samples considered are: CfA2-slice (filled triangle), SSRS2 (filled 
square), LCRS (star), Stromlo-APM (open squares), ORS (cross), IRAS 
(open triangles) (for details see Willmer, da Costa & Pellegrini li 



to be good discriminants of different 
cosmological models. Instead, pre- 
liminary results suggest that high or- 
der moments may be best used to 
constrain galaxy biasing models, es- 
pecially for large redshift samples ex- 
pected from 2dF and SDSS. 

3.5 Small-scale Velocity Field 

Redshift surveys can provide sta- 
tistical estimates of deviations of the 
Hubble flow on small scales, with- 
out requiring direct distance mea- 
surements of individual galaxies. As 
discussed by Davis & Peebles (1983) 
this can be done by examining the 
correlation function £, as a function 
of the projected separation r p and 
rcdshift separation n of pairs. Devia- 
tions of £(r p ,7r) from concentric cir- 
cles are due to rcdshift distortions, 
which provide information on the 
distribution function of relative pe- 
culiar velocities of galaxy pairs. On 
large scales, linear theory relates the 
first moment of this distribution to 
the density parameter Q and the lin- 
ear bias parameter b. On small scales, 
the cosmic virial theorem connects 
the second moment to these param- 
eters. 

Analysis of redshift distortions ob- 
served the 1.2 Jy IRAS Survey lead 
to estimates of Q/b ~ 0.4, from 
the cosmic virial theorem, and (i = 



Q"-<i/b = 0.45 on scales ~ lOh' 1 
Mpc (Fisher et al. 1994). Assuming 
that the relative bias between opti- 
cal and IRAS galaxies is b /bj ~ 1.5 
this result implies that crgf^ ' 6 ~ 
0.3, where erg is the rms mass fluc- 
tuation within a sphere 8/i — 1 Mpc 
in radius. Unfortunately, both esti- 
mates suffer from either large sys- 
tematic errors or large cosmic vari- 
ance, due to the limited number 
of independent structures sampled 
by the nearby surveys. This has 
been vividly illustrated by the large 
samplc-to-samplc variations of the 
relative velocity dispersion between 
pairs derived from the combined 
CfA2-SSRS2 sample (Marzke et al. 
1995). The finding that this quan- 
tity shows strong sample-to-sample 
variations indicates that it is poorly 
determined within the volume sur- 
veyed, being dominated by the shot- 
noise contribution of clusters. One 
is forced to conclude that at the 
present time the small-scale velocity 
field is not a powerful discriminant 
among competing cosmological mod- 
els. Even though new statistics have 
recently been proposed to overcome 
the effects of a pair-weighted statis- 
tic (Davis, Miller & White 1997, 
Strauss, Ostriker & Cen 1998), it 
is clear that for robust measure- 
ments considerably larger volumes, 
sampling a fair number of clusters 
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of different richness, are required. 
This will certainly be possible with 
the next generation of surveys. It 
is worth pointing out that the esti- 
mates of /3 on small scales are consis- 
tent with the most recent estimates 
of this parameter from cosmic flows 
(e.g., da Costa et al. 1998). 

3.6 Galaxy Properties and Bi- 
asing 

The large number of galaxies avail- 
able in the nearby dense surveys 
has made it possible to examine in 
greater detail the clustering prop- 
erties of galaxies of different types. 
Such studies may contribute to our 
understanding of the relation be- 
tween galaxies and LSS and help con- 
strain galaxy biasing models. Recent 
works based on the SSRS2 (Benoist 
et al. 1996, Willmer, da Costa & Pel- 
legrini 1998) have shown evidence of 
strong, scale-independent luminosity 
bias, with more luminous galaxies 
showing a much stronger correlation 
than sub-L* galaxies. This result is 
in marked contrast with the find- 
ings based on the Stromlo-APM sur- 
vey (Loveday et al. 1995). The scale- 
independence suggests that this bias 
may be established at the time 
of galaxy formation. While several 
models of galaxy formation predict 
some degree of luminosity bias (Mo 
& White 1996), none can reproduce 
the observed dependence on the lu- 
minosity. An interesting spin-off of 
this analysis has been to find that 
very bright galaxies (L ^>3L*) show 
a large correlation length (~ 15 h^ 1 
Mpc), comparable to that observed 
for clusters (Cappi et al. 1998). Inter- 
estingly, these galaxies are not found 
preferentially in prominent associa- 
tion of galaxies such as clusters or 
even loose groups. One possible in- 
terpretation is that these galaxies 
may be associated with more mas- 
sive dark halos forming systems with 
atypically large M/L, which would 
naturally account for their large cor- 
relation length. 

Using the SSRS2, one also finds 
that the relative bias between early 
and late types is scale-dependent 
(Figure Q), varying from about 1.4 
on small scales to 1 at ~ 8 fc -1 
Mpc, which may suggest that envi- 
ronmental effects may play a role. 
The mean relative bias is found to 



be be/fet ~ 1-2. This small value, 
when compared to previous surveys 
(e.g., Guzzo et al. 1997), probably 
reflects the paucity of rich clusters 
in the surveyed region. Both early 
and late types separately show a 
luminosity-dependent bias similar to 
the sample as a whole further sug- 
gesting that the luminosity bias is 
primordial in nature while the ex- 
cess clustering of early types rela- 
tive to spirals on small scales may be 
caused by environmental effects. The 
relative bias between red and blue 
galaxies is similar to that observed 
between early and late type galax- 
ies. However, it levels off on smaller 
scales ~ 4 h -1 Mpc at a constant 
value of about 1.2. The mean relative 
bias of galaxies selected by colors is 
greater than when selected by mor- 
phologies. It is important to empha- 
size that although galaxy morphol- 
ogy and color are related, the scat- 
ter is large. This means that these 
properties may be considered as in- 
dependent characteristics with col- 
ors reflecting the star formation his- 
tory of galaxies. These results are 
in qualitative agreement with the- 
oretical predictions of Kauffmann, 
Nusser & Steinmetz (1997). Finally, 
one finds that the relative bias be- 
tween optical and IRA S galaxies also 
varies with scale at least out to ~ 10 
h~ 1 Mpc and shows a strong lumi- 
nosity dependence. The mean rela- 
tive bias between optical and IRAS 
is b /bj ~ 1.5 in real space. 

Additional information on the 
nature of bias can be extracted 
by investigating the higher order 
moments of the galaxy distribu- 
tion. This type of investigation has 
been conducted using the the two- 
dimensional APM catalog (Gaztnaga 
& Frieman 1994) and in three- 
dimensions by Bouchet et al. (1993) 
using the 1.2 Jy IRAS Catalog. 
More recently, Benoist et al. (1998) 
have carried out similar analysis by 
comparing the measured skewness 
in volume-limited catalogs extracted 
from the SSRS2. Using the large 
number of galaxies they measured 
S3 for different volume-limited sam- 
ples finding S3 scale- and luminosity- 
independent. As shown in Figure H, 
the weak dependence of 53 on lumi- 
nosity is in marked contrast to what 
would be expected from the strong 
dependence of the two-point corre- 
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Figure 4. Linear biasing measures for early/late-type galaxies. Panel (a) 
shows the variance for different luminosity thresholds while panel (b ) shows 
the relative bias between early and late types as a function of scale (for details 
see Willmer, da Costa & Pellegrini 1998). 
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Figure 5. The measured skewness S3 of different volume-limited sub-samples 
(full squares) compared to the expected skewness in the linear bias scenario 
(open squares). Two estimates of the errors are displayed. For sake of clar- 
ity, they are slightly shifted in magnitude. The left error bars are estimated 
from mock volume-limited samples extracted from a standard CDM simula- 
tion having the same geometry of the SSRS2, and the right error bars are 
estimated from the bootstrap method (for details see Benoist et al. 1998). 
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lation function on luminosity in the 
framework of a linear biasing model. 
This result seems to argue in favor of 
some degree of non-linear bias. 

The information derived from 
studies of clustering as a function 
of the internal properties of galaxies 
such as luminosity, color, morphol- 
ogy and internal dynamics, are essen- 
tial for understanding the connection 
between galaxy formation and LSS. 
The present results are merely a pre- 
view of what will be possible with the 
data from a complete redshift survey 
of a multicolor sample of galaxies as 
envisioned by SDSS nearby and the 
ongoing work at high-redshift. 



4 Summary 

The progress made by redshift sur- 
veys has been truly remarkable and 
promises to continue to be so in the 
foreseeable future. We are now in 
a curious transition period. While 
some basic questions such as the nor- 
malization and faint-end of local LF 
and the scale of the largest inho- 
mogeneities remain open, informa- 
tion about the clustering properties 
of galaxies at z ~ 3 are being stud- 
ied. Clearly, it is just a matter of 
time for a more definite picture of the 
galaxy distribution and the time evo- 
lution of galaxy clustering to emerge. 
Even though this may not yet pro- 
vide a definite constraint to the back- 
ground cosmology it will certainly 
provide important data to confront 
galaxy evolution models and answers 
to how, where, and when galaxies 
formed. Even though the scientific 
goals may have changed, it is clear 
that redshift surveys will continue to 
be an important cosmological probe 
for the next 20 years. 
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